During the period of tlie project a rapid non-invasive whole-body technique to monitor the response of metastatic breast lesions during therapy was developed using magnetic resonance imaging (MRI). Detection of metastatic lesions is one of the most important prognostic factors in breast cancer and as a consequence is critically important for disease staging and subsequent management (1) . The proposed technique is based upon the use of echo planar magnetic resonance imaging combined with a method which renders the image contrast dependent upon the coefficient of self-diffusion of water. The total scan time for a single image was approximately 0.1 seconds, making the technique robust with respect to motion artifacts. For complete coverage from a field-of-view equal to 36 cm X 36 cm X 18 cm the scan times were approximately one minute. In a single scanning session data was acquired from six to eight stations simulating a whole-body study, for a total scan time of approximately thirty minutes including set-up time. This grant was awarded for technical development aspects of the overall project. The clinical applications presented below as examples were funded under a separate grant (NIH/NIBIB E002070). In order to carry out tests of the methods a set of wateragarose/lipid-lecithin calibration phantoms were developed to mimic tissue composition in bone marrow.
The pulse sequence employed spatial-spectral excitation (2, 3) and multi-shot covering of k-space to limit image , . *i distortion, as well as multi-excitation acquisitions to 1 improve the signal-to-noise ratio. We also investigated J, ' ., * the use of shorter, stronger diffusion gradient pulses (up % 4^ to 5 G/cm) than are typical (2.2 G/cm) on the scanners.
Image post-processing included a vendorsupplied fast fourier transform and distortion correction
Figure 1 -Maximum intensity projections of diffusion-weiglited images from a bone marrow donor receiving G-CSF for marrow mobilization: A) pre G-CSF, B) post G-CSF.
for non-linearity in tlie magnetic field gradients. The diffusion images obtained along each spatial axis for each slice were combined according to l(x.y) = [lx (x,y) ly(x,y)U(x,y)f'' = Ux,y)e-'™' [1] where lj(x,y) represents the image intensity at a point (x,y) obtained with the diffusion gradients applied along the jth axis. The b-value is defined according to the Stejskal-Tanner relation and TrD* represents the trace of the apparent diffusion coefficient tensor D* (4). The trace images for all slices in all data blocks were stored in a three-dimensional array using the Interactive Data Language (IDL, Kodak). An inverse grayscale intensity scale was typically applied to the datasets for visual interpretation. Three-dimensional datasets were generated from the two-dimensional images, and were capable of display along any axis or alternatively displayed in a rotating format with the axis of rotation along the superior-inferior direction in the magnet frame of reference.
'".<*. Figure 1 is presented to demonstrate a whole body application of the technique. In Figure 1 (a) the data are from a normal volunteer bone marrow donor prior to receiving a cytokine for stem cell mobilization and subsequent -%«* bone marrow collection. Signal from the bone marrow is nearly absent. The ■ ' ' data from Figure 1 (b) were acquired five days later on the day of marrow harvest after administration of granuiocyte-colony stimulating factor (G-CSF).
*'
A marked increase in bone marrow signal is observed in the axial skeleton,
M^ '
refecting the stimulation of the bone marrow. .J^*
«•
The results of imaging studies in a patient with stage IV breast cancer ¥*^*r are presented in Figure 2 . A whole-body image is presented from a study of a ''■"' ^ 68 year-old woman with stage IV disease exhibiting diffuse metastases in both "^ , I the left and right femur.
Key Research Accomplishments:
-Development of quantitative water-agarose/lipid-lecithin calibration phantoms with matched Ti and Ta relaxation times to approximate bone marrow composition.
Figure 2 -Whole-body image of a 68-year old female with metastatic breast cancer
Bone marrow involvement is evident in the pelvis and in both legs.
-Development of the diffusion-weighted magnetic resonance pulse sequence allowing multi-shot, multi-excitation imaging at multiple diffusion weighting values.
-Development of post-processing software to produce three-dimensional whole-body datasets.
Reportable Outcomes:
1. Submitted manuscript on the development of calibration phantoms.
Abstract of International Society of Magnetic Resonance in Medicine 11* Annual Scientific
Meeting Proceedings on applications of the method in patients (funded separately through NIH/NIBIB E002070).
Conclusions:
The rapid whole-body magnetic resonance imaging technique developed under the sponsorship of the USAMRMC will facilitate the investigation of the efficacy of therapeutic agents in metastatic breast cancer. The method is fast, robust with respect to patient motion, does not require introdcuced contrast agents, and can be implemented on clinical magnetic resonance systems currently in use.
Abstract:
Bone marrow diseases such as leukemia, metastatic cancers, and multiple myeloma affect primarily the red marrow and often result in expansion of the cellular elements throughout the medullary compartment. Disease progression or therapeutic response can be grossly assessed using longitudinal magnetic resonance imaging studies whose contrast depends upon the water-to-lipid ratio within a given voxel. Quantitative water-lipid measurements offer a means for a more precise determination of bone marrow involvement.
In order to validate measurement precision and reproducibility for quantitative imaging, a set of homogenous water-lipid phantoms are proposed for use as calibration standards. Techniques for relative or absolute quantification of tissue composition using magnetic resonance imaging based water-lipid separation have been developed as a noninvasive means of longitudinally monitoring therapy. Two-point (2PD) and three-point (3PD) Dixon techniques (2,3,11,12,13) for water-fat separation have been used to measure the cellularity in the bone marrow of patients with leukemia (12, 14, 15, 16, 17) as well as to follow enzymatic therapy in patients with Gauchers' disease (13, 18, 19) . Proton MR spectroscopy has also been used for the characterization of bone marrow disease (20, 21, 22) .
These methods assume that the water signal fi-action is approximately equal to the hematopoietic cellular fi'action in the bone marrow with respect to the fat content (5, 16, 20, 22) . Quantitative water-lipid MR techniques have also been used to monitor changes in liver lipid content (23, 24, 25) , muscle lipid content and distribution (9) as well as to assess breast tissue composition (26, 27, 28) .
In this paper, a technique is presented for the fabrication of stable, homogeneous, water-lipid phantoms over the full range of relative water-to-lipid fractions. The approach is both simple and inexpensive to implement. The phantoms were designed to have the same Ti and T2 values for both the water and lipid components to eliminate the systematic error in the calculation of water-to-lipid fractions caused by use of finite MR measurement parameters such as echo time and pulse repetition time. The manufacturing methods, the Ti and T2 measurements, as well as the measured water fractions (Wf) versus those determined by weight are presented.
Materials and Methods;

Phantom Preparation
A primary feature of the phantom design was to reduce the hydrophobic reaction between water and lipids by containing the water in an agarose gel. Furthermore, it was found that by varying the concentration of agarose from 1.0 wt% to 5.0 wt% it was possible to match the T2 value of water to that of methylene lipid. Finally, variable concentrations of Gd-DTPA (Magnevist, Berlex Labs, Wayne, NJ) were diluted in distilled water before preparation of the gel to shorten the gel Ti and match it with the lipid Ti (29) . The T2 values of the doped agarose gels were also measured to assess the T2 variation due to Gd-DTPA concentration. When the concentrations of agarose and Gd-DTPA were determined such that the Ti and T2 values of water and lipid were matched, phantoms were constructed over the entire range of water-to-lipid percentages in 10% increments. The water-to-lipid fractions as measured by MRI were then compared to the prepared fractions as measured by weight.
Lard (Manteca, Goya of New Jersey, Secaucus, NJ) was used as the lipid compound of choice because it approximated the spectral widths and peaks observed in-vivo better than vegetable compounds. The lard complies with the standard composition set by the U.S.
Department of Agriculture (30) . The lard is a solid at room temperature, but easily melted using a hotplate-stirrer. Lecithin (Sunrise Health Products, Brookfield, CT) was chosen as an inexpensive and accessible emulsifying agent. Lecithin was added directly to the melted lard at a 2% fraction by weight. The mixture was continually stirred until completely dissolved. The desired quantity of lipid-lecithin mixture by weight was then poured into a separate beaker. An unheated magnetic stirrer was added to the beaker and the desired amount of water-agarose also weighed and slowly added while quickly stirring to achieve the desired percent water fraction. The combined mixture was removed from the stirrer when ahnost set, poured into a 30 ml vial and allowed to cool to room temperature.
MR Measurements
All MR image data were acquired on a 3.0 Tesla GE MRI scanner (GE Medical Systems, Milwaukee, WI) using a transmit/receive head coil. Water fractions for the entire phantom set ( Figure 1 ) were obtained using a 3-point Dixon (3PD) (11,16) spin echo acquisition. Typical 3PD acquisition parameters were TE = 17 ms, TR = 4000 ms, matrix = 256 X 128, FOV = 24 cm and a 10 mm thick slice. T2 measurements were performed using a multi-echo 3PD acquisition with echo times of 17, 34, 51, and 68 ms. Ti values were estimated using a single echo 3PD acquisition and varying the pulse repetition times as in a saturation recovery method, with TR=100, 250, 500, 750, 1000, 1500, 2000 and 4000 ms.
In addition, relaxation times and water fractions were verified using a single voxel STimulated Echo Acquisition Mode (STEAM) spectroscopy sequence (PROBE-S). The vials were individually positioned in a beaker of water in the center of the standard head coil.
Localized voxel shimming was performed to achieve the sharpest line width and maximum signal within the phantom. Data were acquired with TR = 4000 ms, TE = 17 ms, 2048 data points and a sweep width of 5000 Hz. Since the signal-to-noise ratios were typically of order 100:1 per excitation, only a single excitation was acquired and used for fitting.
Image Analysis
The 3PD data were transferred to a Pentium-IV IBM PC for computation of Wf using software (16) The coefficient p=l.l is a correction for the relative mass density of water versus lipid (27) .
The phase wraparound problem inherent in producing separate water (W(x,y)) and lipid (F(x,y)) images and image misalignment due to the chemical shift difference between the water and methylene lipid resonances were overcome using a previously published iterative algorithm (28) . After regions of interest (ROI's) were selected from the Wf images, the mean and standard deviation of the signal intensities were used to assess phantom composition and spatial uniformity. Ti and T2 values were extracted from the water and lipid images produced from the 3-Point Dixon acquisitions. ROI's were chosen on the resulting parametric images to produce histograms of the relaxation values within the region. The histograms were fit with a Gaussian distribution and the mean of the distribution was extracted. Histograms that resulted in a bi-modal distribution were assigned a mean value using standard methods.
Spectral Analysis
Single voxel specfra were transferred from the 3. Frequency domain fitting was performed using a Levenberg-Marquardt algorithm and a Lorenztian fianction optimizing frequency, amplitude and width. Peak areas were calculated and used for comparison of water fractions to those obtained using the 3PD method.
Results;
Effect ofAgarose Concentration on T2 Value
An increase in the dry weight percent of the agarose gel from 1.0 wt% to 5.0 wt% was compared with the T2 values of water and lipid in a phantom containing 50% water and 50%
lard by weight. The addition of agarose caused a systematic decrease of the water T2 value 
Effect ofGd-DTPA on Tj and T2 Values
The Ti values of water in a 2.0 wt% agarose gel phantom containing 50% water and 50% lard by weight systematically decreased with increasing concentration of Gd-DTPA from 0 to 1.4 mM (Figure 3a) . The spin-lattice relaxivity of water due to Magnevist was 
Water-Lipid Phantoms
A set of water/lipid phantoms was prepared using 0.6 mM Gd-DTPA doped agarose gel at 2.0 wt% with the addition of 2.0 wt% lecithin. Using the 3PD technique, the measured Wf and the water fraction by weight displayed a noticeable variance from linear behaviour with respect to percentages by weight (Figure 4 ). This was not observed for the measurements made using magnetic resonance spectroscopy. A typical spectrum from a phantom consisting of 50% water and 50% lard by weight is shown in Figure 5 
Conclusions;
A method has been presented for the construction of water-lipid phantoms for MR imaging and spectroscopy with matched spin-lattice and spin-spin relaxation times The phantoms described herein are stable and homogeneous, and span the entire range of waterto-lipid ratios. The techniques afford less than 5% spatial variation in composition and 10% in relaxation times.
Ti and T2 matching was achieved using a 0. 
